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Abstract
Variation in gene expression is a fundamental aspect of human phenotypic variation. Several recent studies have analyzed
gene expression levels in populations of different continental ancestry and reported population differences at a large
number of genes. However, these differences could largely be due to non-genetic (e.g., environmental) effects. Here, we
analyze gene expression levels in African American cell lines, which differ from previously analyzed cell lines in that
individuals from this population inherit variable proportions of two continental ancestries. We first relate gene expression
levels in individual African Americans to their genome-wide proportion of European ancestry. The results provide strong
evidence of a genetic contribution to expression differences between European and African populations, validating
previous findings. Second, we infer local ancestry (0, 1, or 2 European chromosomes) at each location in the genome and
investigate the effects of ancestry proximal to the expressed gene (cis) versus ancestry elsewhere in the genome (trans).
Both effects are highly significant, and we estimate that 1263% of all heritable variation in human gene expression is due to
cis variants.
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Introduction
Admixed populations are uniquely useful for analyzing the genetic
contribution to phenotypic differences among humans. Phenotypic
differences that are observed among human populations may have
systematic non-genetic causes, such as differences in environment
[1,2]. However, in an admixed population such as African
Americans, such differences are minimized and the only systematic
differences among individuals are in the proportion of European
ancestry, which can be accurately inferred using genetic data.
Several recent epidemiological studies in African Americans have
taken advantage of this, showing that many phenotypic traits vary
with the proportion of European ancestry [3–5]. Here, we apply this
idea to analyze population differences in gene expression.
Gene expression is a fundamental determinant of cellular
phenotypes, and understanding how gene expression variation is
apportioned among human populations is an important aspect of
biomedical research, as has been true for apportionment of human
genetic variation at the DNA level [6]. Recently, four studies
analyzed lymphoblastoid cell lines from HapMap samples and
reported that a large number of expressed genes exhibit significant
differences in gene expression among continental populations [7–
10]. However, results of these studies may be affected by non-
genetic factors such as differences in environment, differences in
preparation of cell lines, or batch effects [2,9,11,12]. In particular,
a recent review article has suggested that much of the expression
variation across populations is caused by environmental factors
[13]. On the other hand, analyses of expression differences that
are correlated to ancestry within an admixed population are
robust to all of these concerns.
In this study, we analyzed lymphoblastoid cell lines from 89
African-American samples and investigated the relationshipbetween
expression levels of ,4,200 genes and the proportion of European
ancestry. We compared the results with those predicted from the
differences in expression levels between 60 European samples (CEU
from the International HapMap Project) and 60 African samples
(YRI from HapMap) [6]. We confirmed the existence of heritable
gene expression differences between CEU and YRI by showing a
highly significant correspondence between observed CEU vs. YRI
differences (i.e. differences between sample means) and the
expression differences predicted by ancestry differences among
African Americans. Notably, the correspondence holds regardless of
whether differences between CEU and YRI are large or small. This
suggests that the effects of heritable population differences on
variation in gene expression are widespread across genes, mirroring
population differences at the DNA level [6].
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variants. Previous studies in humans have been successful in
mapping both cis and trans effects, but the results they provide are
far from complete, due to limited sample sizes [14,15,9,16–20]. In
particular, the relative number of cis vs. trans associations that were
reported varies widely across these studies, perhaps due to
differences in power or choices of significance thresholds [13].
Thus, the overall extent of cis vs. trans regulatory variation in
human gene expression has not yet been established. Here, by
measuring how gene expression levels across all genes vary with
local ancestry (0, 1 or 2 European chromosomes) either proximal
to the expressed gene (cis) or elsewhere in the genome (trans), we
estimate that 1263% of heritable variation in human gene
expression is due to cis variants.
Materials and Methods
Genotype Data
100 African-American (AA) samples from the Coriell HD100AA
panel were genotyped on the Affymetrix SNP 6.0 GeneChip.
Genotyping was conducted at the Coriell Genotyping and Micro-
array Center, and the genotype data was obtained from the NIGMS
Human Genetic Cell Repository at Coriell (see Web Resources). In
addition, genotype data from 60 European (CEU), 60 African (YRI),
45Chinese (CHB) and 44Japanese (JPT)sampleswas obtained from
Phase 2 HapMap [6] (see Web Resources). We restricted all analyses
to 595,964 autosomal markers with ,5% missing data in AA
samples and ,5% missing data in Phase 2 HapMap samples, with
A/T and C/G markers excluded so as to preclude any ambiguity in
strand complementarity. Our analyses were not sensitive to the
number of markers used. Two AA samples which we identified as
cryptically related to other AA samples were excluded from the set of
samples used for principal components analysis.
Genome-WideandLocalAncestryEstimatesofAASamples
Local ancestry (0, 1 or 2 European chromosomes) at each
location in the genome was estimated for each AA sample using
the HAPMIX program, a haplotype-based approach that has been
shown to attain an r
2 of 0.98 between inferred local ancestry and
true local ancestry in simulated African-American data sets
(A.L.P., N.P., D.R. & S.M., unpublished data; see Web Resources,
specifically http://www.stats.ox.ac.uk/,myers/software.html).
The HAPMIX program inputs AA genotype data and phased
CEU and YRI data from Phase II HapMap [6], and outputs the
estimated probability of 0, 1 or 2 European chromosomes at each
location in the genome. The weighted sum of these probabilities
(multiplied by 0.00, 0.50 or 1.00, respectively) forms an estimate of
local % European ancestry. Genome-wide ancestry was computed
as the average of estimated local ancestry throughout the genome.
Gene Expression Data
Lymphoblastoid cell lines for 60 HapMap CEU, 60 HapMap
YRI and the Coriell HD100AA samples were obtained from
Coriell Cell Repositories (see Web Resources). Gene expression
was assayed using the Affymetrix Genome Focus Array, as
described previously [7]. We restricted our analysis to the 4,197
genes on the array that are expressed in lymphoblastoid cell lines
[7]. The gene expression data is publicly available (GEO accession
number GSE10824) (see Web Resources). For HD100AA samples,
we excluded two cryptically related samples (see above), four
samples identified as genetic outliers (see Results), and five samples
for which gene expression measurements were not obtained, so
that 89 AA samples were included in gene expression analyses.
Validation Coefficient c of CEU versus YRI Gene
Expression Differences in AA Samples
For each gene g, we normalized gene expression measurements
for CEU and YRI to have mean 0 and variance 1 across 120
CEU+YRI samples, and normalized gene expression measure-
ments for AA by applying the same normalization for consistency.
We implicitly assume an additive genetic model in which gene
expression has genetic and non-genetic components, with part of
the genetic component predicted by ancestry. Let egs denote
normalized gene expression of gene g for sample (i.e. individual) s.
Let hs denote the genome-wide European ancestry proportion of
sample s, so that hs has value 1 for CEU samples and 0 for YRI
samples as above, and fractional values for AA samples. We
consider a model in which egs=aghs+ngs for CEU and YRI samples
and egs=caghs+ngs for AA samples, where c is a global parameter
and ngs represents the residual contribution to gene expression that
is not predicted by ancestry. Thus, the parameter c represents a
validation coefficient measuring the aggregate extent to which the
observed gene expression differences ag between CEU and YRI
(differences between sample means) are heritable.
We implemented two different approaches for fitting the
parameters c and ag of this model: (1) Starting with the initial
guess c=1, we alternated computing maximum likelihood
estimates for ag (for all g) conditional on c, and computing a
maximum likelihood estimate for c conditional on ag (for all g), and
iterated to convergence. In each case, the maximum likelihood
estimates were obtained via linear regression (with a separate
linear regression for each g when estimating ag, and a single linear
regression when estimating c). (2) For each g, we estimated values
a ˜g,CEU+YRI by regressing egs against hs using CEU and YRI data
only, and a ˜g,AA by regressing egs against hs using AA data only. We
then regressed a ˜g,AA against a ˜g,CEU+YRI to obtain an estimate of c.
In this computation, we scaled our estimates of a ˜g,CEU+YRI using
the sampling error correction j (described below in Computation
of QST) to remove the effect of sampling error on the denominator
Sg(a ˜g,CEU+YRI)
2 of our estimate of c. (On the other hand, we note
that sampling noise in the AA data does not bias our computation
of c, whose expected value does not change when noise is added to
a ˜g,AA). We observed that approaches (1) and (2) produced identical
estimates of c, indicating that both approaches are effective in
Author Summary
Variation in gene expression is a fundamental aspect of
human phenotypic variation, and understanding how this
variation is apportioned among human populations is an
important aim. Previous studies have compared gene
expression levels between distinct populations, but it is
unclear whether the differences that were observed have a
genetic or nongenetic basis. Admixed populations, such as
African Americans, offer a solution to this problem because
individuals vary in their proportion of European ancestry
while the analysis of a single population minimizes
nongenetic factors. Here, we show that differences in gene
expression among African Americans of different ancestry
proportions validate gene expression differences between
European and African populations. Furthermore, by drawing
a distinction between an African American individual’s
ancestry at the location of a gene whose expression is
being analyzed (cis) versus at distal locations (trans), we can
use ancestry effects to quantify the relative contributions of
cis and trans regulation to human gene expression. We
estimate that 1263% of all heritable variation in human
gene expression is due to cis variants.
Admixture and Gene Expression
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a ˜g,AA vs. a ˜g,CEU+YRI and to compute estimates of c specific to
different values of |a ˜g,CEU+YRI|.
Validation Coefficient c using Genotype Data Instead of
Gene Expression Data
We repeated the above computation using genotype data instead
of gene expression data. We restricted the analysis to markers in
which the average of CEU and YRI frequencies was between 0.05
and 0.95. Although AA genotypes at each marker were used twice in
this computation—both for estimating genome-wide ancestry using
all markers and for measuring the effect of genome-wide ancestry on
genotype at a specific marker—we note that with hundreds of
thousands of markers, our estimate of genome-wide ancestry is
negligibly impacted by data from a specific marker.
Validation Coefficients ccis and ctrans
We investigated the effects of cis ancestry and trans ancestry on
gene expression in AA. Roughly, we define cis ancestry as the local
ancestry at the gene whose expression is being analyzed, and trans
ancestry as the average ancestry at non-cis regions. We extended
our above model by letting egs=ccisagcgs+ctransaghs+ngs for AA
samples, where cgs denotes the estimated local ancestry of sample
s at the SNP closest to the center of gene g (cis locus; average of
transcription start and transcription end positions). We note that
although trans ancestry is theoretically defined as the average
ancestry at non-cis regions, this quantity is in practice virtually
identical to hs because cis regions (regardless of the precise
definition of cis) form an extremely small proportion of the
genome. Because chromosomal segments of ancestry in AA
typically span .10 Mb [21], it is nearly always the case that a
gene lies completely within a single ancestry block, so that our
analysis is not sensitive to the choice of genomic location used to
define cis ancestry cgs. The probabilistic estimates of local ancestry
produced by HAPMIX are extremely accurate (see above), so that
cgs is typically close to 0.00, 0.50 or 1.00 (corresponding to 0, 1 or 2
copies of European ancestry). To avoid complications in local
ancestry analyses on the X chromosome, we restricted this analysis
to 4,015 autosomal genes. (Analyses involving global ancestry were
not affected by inclusion or exclusion of genes on the X
chromosome.) We estimated the global parameters ccis and ctrans
as above, accounting for the correlation between genome-wide
and local ancestry by using residual values of cgs (adjusted for hs)t o
compute a ˜cis,g,AA (and conversely for a ˜trans,g,AA).
Computation of QST
Let F denote the proportion of total variance in gene expression
that is attributable to population differences. For quantitative traits
with an additive genetic basis, the quantity that is analogous to
single-locus estimates of FST is not F, but rather QST=F/(22F)
(reviewed in [22]). This is a consequence of the contributions of
genetic variation on two distinct haploid chromosomes, magnify-
ing the effect of population differences under an additive genetic
model. We computed both F and QST. For each gene g,w e
normalized gene expression measurements for CEU and YRI to
have mean 0 and variance 1 across 120 CEU+YRI samples. We
defined the ancestry hs of sample s to be 1 if s is a CEU sample,
and 0 if s is a YRI sample. As above, we modeled normalized
expression of gene g for sample s as egs=aghs+ngs. Equivalently,
under this definition, ag is equal to the difference in normalized
gene expression between CEU and YRI samples. We defined F to
be the quantity such that the true value of ag has mean 0 and
variance 2F across genes [23]. For a specific gene, aghs has variance
0.25ag
2 and ngs has variance 1–0.25ag
2 across CEU+YRI samples
(these variances have expected value 0.5F and 1–0.5F, respective-
ly). Due to sampling error, the observed difference a ˜g in normalized
gene expression between CEU and YRI samples (i.e. the
coefficient obtained from a regression of egs on hs) has variance
2F+(1–0.5F)/30, where 1/30 is the sum of reciprocals of CEU and
YRI sample sizes. We thus estimated mean F as (Varg(a ˜g) – 1/30)/
(2 – 0.5/30). The ratio between mean F and Varg(a ˜g)/2 represents
a sampling error correction that we call j. We estimated median F
as the median value of a ˜g
2/2 times j. The value of j was 0.93,
indicating that the sampling error correction had only a minor
effect on these computations. To account for differences between
CEU and YRI due to non-genetic factors, we adjusted F by
multiplying it by c. (We note that the scaled population differences
cag have variance that is c
2 times the variance of ag, but explain
only the proportion c of the true component of variance that is
attributable to ancestry.) We then computed QST=F/(22F). We
calculated the standard error of our estimate of F via jackknife,
repeating the computation of F 120 times with one of the 120
CEU+YRI samples excluded in each computation, and estimating
the standard error as the standard deviation of the 120 estimates
times the square root of 120.
Web Resources
N http://ccr.coriell.org (Coriell Cell Repositories)
N http://ccr.coriell.org/Sections/Collections/NIGMS/Genoty-
peCopyData.aspx?PgId=564&coll=GM (The NIGMS Hu-
man Genetic Cell Repository at Coriell)
N http://www.hapmap.org (International HapMap Project)
N http://www.ncbi.nlm.nih.gov/geo (Gene Expression Omnibus)
N http://www.stats.ox.ac.uk/,myers/software.html (HAPMIX
program)
Results
Genetic Data Show that African Americans Are
Accurately Modeled using CEU and YRI
We analyzed Affymetrix 6.0 genotype data from the African-
American panel of 100 samples from Coriell Cell Repositories,
together with HapMap samples (see Materials and Methods). We
first ran principal components analysis, using the EIGENSOFT
software [24]. The top two principal components are displayed in
Figure 1, in which most AA samples roughly lie on a straight line
running from CEU to YRI (we excluded three genetic outliers with
partial East Asian ancestry and one genetic outlier whose ancestry is
very close to CEU from subsequent analyses). This suggests that the
ancestry of the AA samples might be reasonably approximated as a
mixture of varying amounts of CEU and YRI ancestry, as reported
previously [21]. However, given the wide range of genetic diversity
across Europe and particularly across Africa [23], we sought to test
this hypothesis further. We removed related samples, genetic
outliers, and samples without valid gene expression measurements
to obtain a reduced set of 89 AA samples for subsequent analysis
(see Materials and Methods). We computed FST values between
the set of 89 AA samples and possible linear combinations
aCEU+(12a)YRI, adjusting for sample size. The lowest value of
FST=0.0009wasobtained at a=0.21.Thus, the 89AA samples are
extremely well-modeled as a mix of CEU and YRI, with average
ancestry proportions of 21% CEU and 79% YRI. Though this
justifies our modeling approach using CEU and YRI, we caution
against drawing historical inferences from this finding: because FST
scales with the square of admixture proportion, it is possible that
Admixture and Gene Expression
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a more diverse set of populations.
We estimated the genome-wide proportion of European
ancestry for each the 89 AA samples (see Materials and Methods).
Genome-wide ancestry proportions varied from 1% to 62% with a
mean6SD of 21614%; this ancestry distribution is similar to that
in other AA data sets [21,25]. Genome-wide ancestry estimates
were strongly correlated (r
2.0.99) with coordinates along the top
principal component (eigenvector with largest eigenvalue)
(Figure 1).
Gene Expression Levels Vary with Genome-Wide
Ancestry in African Americans
We measured gene expression in lymphoblastoid cell lines from
60 CEU and 60 YRI samples from HapMap and 89 AA samples
from Coriell, using the Affymetrix Genome Focus Array (see
Materials and Methods). Our basic approach was to validate
observed differences between CEU and YRI (differences between
sample means) by analyzing the correlation between the genome-
wide proportion of European ancestry estimated from SNP
genotyping and the gene expression levels we measured in the
AA cell lines. A caveat is that the proportion of European ancestry
in African Americans might in principle be correlated to
environmental variables. However, such correlations would not
affect our approach unless they specifically tracked environmental
differences between CEU and YRI. An additional caveat is that
the Coriell panel of AA samples is known to be sampled from
several (unknown) cities in the United States; AA samples from
different U.S. cities might differ systematically in both the average
proportion of European ancestry [21,26] and in the preparation of
cell lines. However, ancestry differences among AA populations in
different U.S. cities are usually relatively small (standard deviation
of 1% in Table 2 of [21]; standard deviation of 6% in Figure 2 of
[26]), and in any case would not affect our approach unless
differences in cell line preparation specifically tracked differences
between CEU and YRI.
Using the ancestry estimates and expression data at 4,197 genes
for CEU, YRI and AA samples, we fit a model in which the effect
of ancestry on gene expression at gene g is equal to ag per unit of
European ancestry for CEU and YRI samples (so that ag is equal to
the difference in mean expression level between CEU and YRI,
which have ancestry 1 and 0 respectively), and equal to cag per unit
of European ancestry for AA samples, where c is constant across
genes (see Materials and Methods). Thus, the global parameter c
measures the extent to which observed gene expression differences
between CEU and YRI are validated in AA, and therefore
heritable. If systematic differences observed between CEU and
YRI were entirely due to genetic factors, we would expect to see
the same ancestry effects in AA samples, so that c=1. On the other
hand, under the hypothesis that observed differences between
CEU and YRI are entirely due to non-genetic factors, we would
expect c=0. We note that our procedure for estimating c accounts
for both experimental noise and sampling noise in the measure-
ment of gene expression levels. Thus, assuming analogous
normalizations for CEU, YRI and AA samples, our estimate of c
is not dependent on the accuracy of our measurements; it is also
independent of sampling effects.
Fitting the above model, we obtained c=0.43, the slope of the
regression line in Figure 2. With 4,197 genes analyzed, this estimate
of c is different from zero with overwhelming statistical significance
Figure 1. Principal components analysis of AA samples from Coriell together with HapMap samples. We display the top two principal
components.
doi:10.1371/journal.pgen.1000294.g001
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225; 95% confidence interval [0.38,0.47]). Thus, gene
expression differences among AA samples of varying ancestry
strongly confirm that heritable differences contribute to observed
gene expression differences between CEU and YRI. Performing the
analogous computation with genotype data, we obtained c=0.96,
confirmingthatciscloseto1forgeneticeffects(seeFigure3)andthat
modeling AA as a mix of CEU and YRI is appropriate for our
analyses. The deviation between c=0.96 and the expected value of 1
is discussed in Text S1.
We investigated whether the correspondence between observed
CEU vs. YRI gene expression differences and expression
differences due to ancestry among AA is concentrated in genes
with large differences between CEU and YRI. If only a fraction of
genes were truly differentiated, as suggested by previous studies,
then genes with large observed CEU vs. YRI differences would be
more likely to be truly differentiated and would show stronger
validation in AA. For example, when we simulated a mixture
model in which c=0.43 for the set of all genes but only 50% of
genes are truly differentiated between CEU and YRI, we obtained
a larger value of c=0.53 for genes in the top 10% of observed
CEU vs. YRI differences (see Text S1). However, Figure 2 shows
no evidence of nonlinear effects. Indeed, we recomputed c using
only genes in the top 10% of the magnitude of observed CEU vs.
YRI differences, and obtained c=0.44, which is similar to the
value of 0.43 using all genes. These results suggest that population
differences in gene expression are not restricted to a fraction of
genes but in fact are widespread across genes, mirroring
population differences at the DNA level [6].
We considered whether the alternative approach of analyzing
the AA data independently, without regard to differences between
Figure 2. Gene expression differences between CEU and YRI are validated in AA samples. The y-axis shows the difference in normalized
gene expression due to ancestry estimated from AA samples (a ˜g,AA) and the x-axis shows the difference in normalized gene expression due to
ancestry estimated from CEU and YRI samples (a ˜g,CEU+YRI) (see Materials and Methods for details of normalization). (A) We plot each of the 4,197 genes
separately. (B) For aid in visualization, the 4,197 genes are averaged into bins of 20 genes according to values of a ˜g,CEU+YRI; binning does not affect the
slope of the plot. The slope of each plot is our estimate 0.43 of the parameter c.
doi:10.1371/journal.pgen.1000294.g002
Figure 3. Genetic differences between CEU and YRI are validated in AA samples. Plots are analogous to Figure 2 except that genetic (SNP)
data were used instead of gene expression data. (A) We plot a random subset of 4,197 markers, for visual comparison to Figure 2. (B) We average into
bins of 20 markers. The slope of each plot is our estimate 0.96 of the parameter c.
doi:10.1371/journal.pgen.1000294.g003
Admixture and Gene Expression
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expression due to ancestry. We determined that the AA data
analyzed separately contains too much sampling noise for that
approach to be useful here (see Text S1). A related observation is
that efforts to estimate the proportion of genes with population
differences in gene expression, for example using the previously
described [27] lower bound statistic 1–p0, may produce substantial
underestimates in the case of data sets affected by sampling noise
(see Text S1).
Effects of cis versus trans Ancestry on Gene Expression in
African Americans
The effect of ancestry on gene expression in African Americans
may be due either to variation in regulatory variants proximal to
the gene (cis) or to variants elsewhere in the genome (trans). We
inferred the local ancestry of each AA sample at each location in
the genome (see Materials and Methods). A description of how
local ancestry varies across the genome (either across or within
samples) is provided in Text S1. We quantified the extent to which
the validation of CEU-YRI expression differences in AA was
attributable to cis or trans effects in AA by computing validation
coefficients ccis and ctrans (see Materials and Methods). We obtained
ccis=0.05 and ctrans=0.38. As expected, the sum ccis+ctrans is very
close to the validation coefficient c that was obtained using
genome-wide ancestry only (see Text S1). Both ccis (P-val-
ue=6610
26; 95% confidence interval [0.03,0.07]) and ctrans (P-
value,10
225; 95% confidence interval [0.33,0.43]) were signifi-
cantly different from zero. Thus, only a small fraction of the effect
of ancestry on gene expression is due to ancestry at the cis locus.
On the other hand, performing the analogous computation with
genotype data, we obtained ccis=0.99 and ctrans=–0.03, indicating
as expected that the effect of ancestry on genotype is entirely due
to ancestry at the cis locus, and confirming the high accuracy of
our estimates of local ancestry.
We estimate the proportion pcis of heritable gene expression
variation between Europeans and Africans that is due to cis
variants as ccis/(ccis+ctrans)=12%, with a standard error of 3%. An
important question is whether our estimate of pcis can be extended
to all heritable variation in human gene expression. If the relative
magnitude of cis vs. trans effects were different for all variation as
compared to population variation—equivalently, if the relative
magnitude of population variation relative to all variation were
different for cis vs. trans effects—then the answer to this question
would be no. To evaluate whether this is the case, we computed
FST(CEU,YRI) for ,3,000 unique cis eQTL SNPs and ,700
unique trans eQTL SNPs identified in a recent study of gene
expression in human liver [20]. We obtained FST values of 0.158
for cis eQTLs and 0.154 for trans eQTLs, which were not
significantly different from 0.159 for all HapMap SNPs (P-
values=0.79 and 0.51 respectively), based on standard errors
computed using the EIGENSOFT software [6,24]. Although this
analysis involved eQTLs for liver tissue rather than lymphoblas-
toid cell lines, a reasonable assumption is that the same result holds
for other tissue types. Thus, population variation does not appear
to differ for cis vs. trans effects, implying that our estimate of
pcis=1263% applies to all heritable variation in human gene
expression.
Proportion of Variation in Gene Expression Attributable
to Population Differences
We estimated both the proportion of gene expression variation
attributable to population differences, which we call F, and the
quantity QST=F/(22F) which is analogous to FST for genetic
(allele-frequency) data (see Materials and Methods). We obtained a
mean F=0.20 and median F=0.12, similar to the median
F=0.15 from a previous analysis of CEU and YRI gene
expression [8]. A jackknife calculation indicated that the standard
error in our estimate of mean F was 0.02, corresponding to a 95%
confidence interval of [0.15,0.25]. In our initial calculation of F,
we ignored the possibility of non-genetic contributions to
population differences. However, the fact that c is smaller than 1
implies that not all of the observed CEU vs. YRI differences are
reflected in differences due to ancestry among AA. Some of these
differences must reflect non-genetic factors. We therefore adjusted
our estimates of F by multiplying them by c=0.43 (see Materials
and Methods). After this adjustment, we obtained a mean F=0.09
and median F=0.05. These estimates of F are substantially lower
than those reported previously [8]. Our mean F corresponds to a
QST value of 0.05, which is lower than the FST of 0.16 that is
observed in genetic data [6]. The lower value of QST as compared
to genetic data is unsurprising since QST represents a proportion of
total gene expression variation, which is expected to include both
genetic and non-genetic components. We also note that if
measurement variation is substantial, then the use of technical
replicates to correct for the effects of measurement variation would
lead to a higher value of QST.
Discussion
We have shown how phenotypic variation in an admixed
population can be coupled with variation in ancestry to shed light
on differences between ancestral populations; our approach makes
no assumptions about the population histories underlying the
differences between the ancestral populations. We have applied
this approach to gene expression in African Americans and shown
that observed population differences (differences in sample means)
between CEU and YRI in gene expression correspond, with
overwhelming statistical significance, to differences among African
Americans of varying ancestry, implying a substantial heritable
component to the population differences. In reaching this
conclusion via analysis of an admixed population, we eliminate
confounding with non-genetic contributions to observed differ-
ences between the ancestral populations, which could result from
differences in environment, differences in preparation of cell lines,
or batch effects. The value of 0.43 for the ‘‘validation coefficient’’ c
implies that both genetic and non-genetic effects contribute to
observed population differences between CEU and YRI.
Interestingly, the validation coefficient c did not vary apprecia-
bly as a function of the magnitude of observed gene expression
differences between CEU and YRI. This suggests that the effects
of ancestry on gene expression are widespread across genes, as
opposed to affecting only a fraction of genes. Although there exist
genes for which the observed effect of ancestry on expression levels
is close to zero (Figure 2), this does not rule out small ancestry
effects at these genes, as similar results are observed in genetic data
(Figure 3) in which it is commonly believed that ancestry affects
100% of common SNP frequencies. Indeed, if ancestry affects
genotype and genotype affects gene expression- (as indicated by
previous studies reporting a substantial heritable component to
gene expression [16,17]), then the presence of ancestry differences
at almost all expressed genes seems a not unreasonable hypothesis,
and one with which our results are entirely consistent. However,
just as with DNA variation, it is clear that population differences in
gene expression represent only a small fraction of the overall
variance, most of which is due to variation within populations.
In addition to validating the aggregate effects of ancestry on
human gene expression, we were able to partition heritable
Admixture and Gene Expression
PLoS Genetics | www.plosgenetics.org 6 December 2008 | Volume 4 | Issue 12 | e1000294variation into cis and trans effects, which would not be possible in a
simple comparison of continental populations. Our admixture
approach was fruitful despite the small magnitude of differences
between human subpopulations. Our distinction between cis and
trans effects is somewhat imprecise, due to the extended length
(.10 Mb) of segments of continental ancestry in African
Americans, but this has little effect on our conclusions, since a
10 Mb region represents a proportion of the genome that is much
smaller than the 12% proportion of heritable variation in gene
expression that we attribute to variation at the cis locus.
Comparing our results to results obtained in other species, we
note that two recent studies of gene expression in Drosophila also
reported that cis effects explain a small fraction of heritable
variation [28,29], although previous Drosophila studies had
suggested a larger role for cis effects [30,31]. Our results have
broad ramifications for future efforts to map the genetic regulation
of gene expression. However, conclusions drawn from gene
expression measured in lymphoblastoid cell lines do not necessarily
extend to other tissue types, motivating further investigation.
Going forward, admixed populations will continue to be useful for
understanding and mapping gene expression and other pheno-
types.
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Found at: doi:10.1371/journal.pgen.1000294.s001 (0.02 MB PDF)
Acknowledgments
We are grateful to J. Neubauer and A. Waliszewska for assistance with SNP
genotyping and to W.J. Ewens and R.A. Kittles for helpful comments.
Author Contributions
Conceived and designed the experiments: ALP NP DR VGC RSS.
Performed the experiments: DCH VGC RSS. Analyzed the data: ALP NP
SM DR VGC RSS. Wrote the paper: ALP DR VGC RSS. Contributed
data: DCH VGC RSS.
References
1. Holmes E, Loo RL, Stamler J, Bictash M, Yap IK, et al. (2008) Human
metabolic phenotype diversity and its association with diet and blood pressure.
Nature 453: 396–400.
2. Idaghdour Y, Storey JD, Jadallah SJ, Gibson G (2008) A genome-wide gene
expression signature of environmental geography in leukocytes of Moroccan
Amazighs. PLoS Genet 4: e1000052.
3. Nalls MA, Wilson JG, Patterson NJ, Tandon A, Zmuda JM, et al. (2008)
Admixture mapping of white cell count: genetic locus responsible for lower white
blood cell count in the Health ABC and Jackson Heart studies. Am J Hum
Genet 82: 81–87.
4. Reiner AP, Carlson CS, Ziv E, Iribarren C, Jaquish CE, et al. (2007) Genetic
ancestry, population sub-structure, and cardiovascular disease-related traits
among African-American participants in the CARDIA Study. Hum Genet 121:
565–575.
5. Wassel Fyr CL, Kanaya AM, Cummings SR, Reich D, Hsueh WC, et al. (2007)
Genetic admixture, adipocytokines, and adiposity in Black Americans: the
Health, Aging, and Body Composition study. Hum Genet 121: 615–624.
6. International Hapmap Consortium (2007) A second generation human
haplotype map of over 3.1 million SNPs. Nature 449: 851–861.
7. Spielman RS, Bastone LA, Burdick JT, Morley M, Ewens WJ, et al. (2007)
Common genetic variants account for differences in gene expression among
ethnic groups. Nat Genet 39: 226–231.
8. Storey JD, Madeoy J, Strout JL, Wurfel M, Ronald J, et al. (2007) Gene-
expression variation within and among human populations. Am J Hum Genet
80: 502–509.
9. Stranger BE, Nica AC, Forrest MS, Dimas A, Bird CP, et al. (2007) Population
genomics of human gene expression. Nat Genet 39: 1217–1224.
10. Zhang W, Duan S, Kistner EO, Bleibel WK, Huang RS, et al. (2008) Evaluation
of genetic variation contributing to differences in gene expression between
populations. Am J Hum Genet 82: 631–640.
11. Akey JM, Biswas S, Leek JT, Storey JD (2007) On the design and analysis of
gene expression studies in human populations. Nat Genet 39: 807–808.
12. Spielman RS, Cheung VG (2007) Reply to ‘‘On the design and analysis of gene
expression studies in human populations’’. Nat Genet 39: 808–809.
13. Gilad Y, Rifkin SA, Pritchard JK (2008) Revealing the architecture of gene
regulation: the promise of eQTL studies. Trends Genet 24: 408–415.
14. Morley M, Molony CM, Weber TM, Devlin JL, Ewens KG, et al. (2004)
Genetic analysis of genome-wide variation in human gene expression. Nature
430: 743–747.
15. Cheung VG, Spielman RS, Ewens KG, Weber TM, Morley M, et al. (2005)
Mapping determinants of human gene expression by regional and genome-wide
association. Nature 437: 1365–1369.
16. Dixon AL, Liang L, Moffatt MF, Chen W, Heath S, et al. (2007) A genome-wide
association study of global gene expression. Nat Genet 39: 1202–1207.
17. Goring HH, Curran JE, Johnson MP, Dyer TD, Charlesworth J, et al. (2007)
Discovery of expression QTLs using large-scale transcriptional profiling in
human lymphocytes. Nat Genet 39: 1208–1216.
18. Myers AJ, Gibbs JR, Webster JA, Rohrer K, Zhao A, et al. (2007) A survey of
genetic human cortical gene expression. Nat Genet 39: 1494–1499.
19. Emilsson V, Thorleifsson G, Zhang B, Leonardson AS, Zink F, et al. (2008)
Genetics of gene expression and its effect on disease. Nature 452: 423–428.
20. Schadt EE, Molony C, Chudin E, Hao K, Yang X, et al. (2008) Mapping the
genetic architecture of gene expression in human liver. PLoS Biol 6: e107.
21. Smith MW, Patterson N, Lautenberger JA, Truelove AL, McDonald GJ, et al.
(2004) A high-density admixture map for disease gene discovery in African
Americans. Am J Hum Genet 74: 1001–1013.
22. Merila JC, Crnokrak P (2001) Comparison of genetic differentiation at marker
loci and quantitative traits. J Evol Biol 14: 892–903.
23. Cavalli-Sforza LL, Menozzi P, Piazza A (1994) The history and geography of
human genes. Princeton: Princeton University Press. 428 p.
24. Patterson N, Price AL, Reich D (2006) Population structure and eigenanalysis.
PLoS Genet 2: e190.
25. Parra EJ, Kittles RA, Shriver MD (2004) Implications of correlations between
skin color and genetic ancestry for biomedical research. Nat Genet 36: S54–S60.
26. Kittles RA, Santos ER, Oji-Njideka NS, Bonilla C (2007) Race, skin color and
genetic ancestry: implications for biomedical research on health disparities.
California Journal of Health Promotion 5: 9–23.
27. Storey JD, Tibshirani R (2003) Statistical significance for genomewide studies.
Proc Natl Acad Sci USA 100: 9440–9445.
28. Wittkopp PJ, Haerum BK, Clark AG (2008) Regulatory changes underlying
expression differences within and between Drosophila species. Nat Genet 40:
346–350.
29. Wang HY, Fu Y, McPeek MS, Lu X, Nuzhdin S, et al. (2008) Complex genetic
interactions underlying expression differences between Drosophila races: analysis
of chromosome substitutions. Proc Natl Acad Sci USA 105: 6362–6367.
30. Hughes KA, Ayroles JF, Reedy MM, Drnevich JM, Rowe KC, et al. (2006)
Segregating variation in the transcriptome: cis regulation and additivity of
effects. Genetics 173: 1347–1355.
31. Osada N, Kohn MH, Wu CI (2006) Genomic inferences of the cis-regulatory
nucleotide polymorphisms underlying gene expression differences between
Drosophila melanogaster mating races. Mol Biol Evol 23: 1585–1591.
Admixture and Gene Expression
PLoS Genetics | www.plosgenetics.org 7 December 2008 | Volume 4 | Issue 12 | e1000294